County, a major fruit-and vegetable-producing area. High N fertilizer rates (100 to 300 kg N ha
T he Arkansas River Valley in southeastern Cololems with high levels of residual soil NO 3 -N. Delgado rado produces melons (Citrullus lanatus Thunb. and et al. (1999) reported that a winter rye (Secale cereale Cucumis melo L.), onion (Allium cepa L.), and other L.) cover crop scavenged soil NO 3 -N leached below the vegetable crops in rotation with alfalfa, corn, sorghum root zone of vegetable crops in the San Luis Valley of (Sorghum bicolor L.), winter wheat (Triticum aestivum Colorado and recycled the soil N back to the soil surface L.), and soybean (Glycine max L.). High NO 3 -N levels for release to the next crop in rotation. Shock et al. have been reported in groundwater in the Arkansas (2000) used sugarbeet (Beta vulgaris L.) to recover reRiver Valley in Colorado (Bauder and Waskom, 2003) .
sidual fertilizer N remaining in the soil profile following An Arkansas River Valley water survey conducted by onion and recovered a significant portion of the fertilizer the Colorado Department of Public Health and Envi-N that remained in the soil after the onion crop. Hills et ronment (Austin, 1997) showed that NO 3 -N levels were al. (1983) also reported that sugarbeet recovered more high (Ͼ10 mg L Ϫ1 ) in 14% of the wells tested in 1994, residual soil profile N than corn. Pelter et al. (1992) with most of the high-testing wells (47%) in Otero recommended growing deep-rooted crops such as wheat or corn following onion to recover residual fertilizer N.
The alfalfa was poorly nodulated, which is typical of alfalfa ciently (30 to 60%) in most crop production systems. water contamination. Application of controlled-release
The soil had a pH of 7.6, SOM content of 21 g kg , sodium bicarbonate ex-NUE and reduce NO 3 -N leaching potential (Brown et tractable P content of 17 g kg Ϫ1 , and a clay and silt content Diez et al., 1994; Wang and Alva, 1996) . Delof 41 and 29%, respectively, in the 0-to 15-cm depth. Depth gado et al. (1998) reported improved NFUE using CRN to water table at the AVRC ranges from 4.5 to 6 m. Six N rates (0, 56, 112, 168, 224, and 280 Follett (2001) points out the need to use a N urea and Polyon 1 (a controlled-release urea fertilizer), were applied to the same plots each year that N fertilizer was apbudget or mass balance approach to understand options plied. The N fertilizer was broadcast and incorporated with a for improving N management in crop production sysharrow just before corn planting as commonly done by productems to mitigate the negative environmental impacts of ers in the area. In the fall of 1999, 2000, and 2001, 12 total gross application of about 216 cm water ha Ϫ1 . Water was study was initiated in 2000 using conventional till (disk, moldapplied to every second irrigation furrow in an attempt to board plow, roller harrow, landplane, etc., for seedbed prepaimprove NUE of corn (Lehrsch et al., 2001, Skinner et al., ration) and furrow-irrigated corn production practices. The plot area previously had been in alfalfa for 5 yr, before being 1999). Assuming a water application efficiency of about 50% (check) by the quantity of N applied. This fraction was multiplied by 100 to obtain percentage NFUE. Nitrogen use efficiency (Martin et al., 1991) Sabata and Mason (1992) to calculate NUE. This fraction was multiplied by 100 to obtain but was assumed to be similar to previous years. The total N contribution from the irrigation water to the plot area would percentage NUE. The estimated NUE does not take into account the quantity of N released to the corn crop through total about 7 kg N ha Ϫ1 in 1999 during watermelon irrigation, 9 kg N ha Ϫ1 in 2000, 7 kg N ha Ϫ1 in 2001, and 11 kg N ha
Ϫ1
soil N mineralization during the growing season or N in the irrigation water. in 2002 during irrigation of the corn, assuming a 50% irrigation efficiency. Irrigation efficiency was not measured but was exCorn grain yields were determined in late September to early October each year by harvesting the ears from a 11.6 m 2 pected to range from 30 to 50%. A 30% irrigation efficiency would reduce the amount of N that remained in the plots.
or larger area of each plot. The grain was separated from the cob with a corn sheller in 2000 and 2001 and with a plot Annual precipitation at AVRC for the study period is shown in Table 1 (Table 1 ) and lack of irrigation mine treatment effects. All statistical comparisons were made at the ␣ ϭ 0.05 probability level unless otherwise stated using water in 2002, the last irrigation occurred on 2 August, shortly after pollination was completed. Therefore, the 2002 crop the least significant difference method for mean separation. If the analysis of variance indicated a significant F value for suffered from water stress during grain fill, which reduced yield potential (Eck, 1986) .
N rate, a linear or quadratic function was fit to the N response data using regression functions present in the graphics proSoil NO 3 -N levels in the 0-to 180-cm profile were monitored from the spring of 1999 through fall of 2003 and were gram (SigmaPlot version 8.0, SPSS Inc., Chicago, IL). be presented along with grain N removal, estimated
A soil bulk density of 1.44 g cm Ϫ3 was used to convert soil NUE, and NFUE as a function N rate and source. N fertilization and corn planting were relatively high, dues of the previous alfalfa crop probably contributed despite the fact that little N fertilizer had been applied to the total soil N available to the 2000 corn crop. Others during the previous 6 yr. The amount of N in the waterhave reported that 65 to 70% of the N from plow down melon tops and unharvested melons in 1999 potentially alfalfa will become available the first year (Bruulsema contributed up to 206 , 1987; Fox and Piekielek, 1988) . Fox and (Halvorson et al., 2001) . Total watermelon oven dry Piekielek (1988) suggested that 20% of the alfalfa resibiomass produced (tops ϩ melons) in 1999 was 13.5 Mg due N becomes available the second year and 10% the ha Ϫ1 , and the tops represented 4.6 Mg ha Ϫ1 of this total.
third year after plow down. This would suggest that the About 139 kg N ha Ϫ1 was returned to the soil in the tops, watermelon probably recycled much of the alfalfa N which had a C/N ratio of 13. Thus, the tops decomposed back to the corn in 2000. This is the most likely explanarapidly when incorporated into the soil and released N tion for the high level of soil NO 3 -N (195 kg N ha Ϫ1 ) to the following corn crop (Alexander, 1967; Paul and at corn planting in 2000 (Tables 2 and 3) . By 5 Nov. Clark, 1989; Vigil and Kissel, 1991) . In addition, the 2001, soil NO 3 -N levels had declined following the secwatermelon rinds made up 29.5% of the oven dry melon ond corn crop. At corn planting in 2002, soil NO 3 -N weight. About 50% of the melons were of harvestable levels had increased slightly compared with levels in fall size (Ͼ8 kg); the unharvested watermelon rinds re-2001. Planting soil NO 3 -N levels in 2003 were similar maining in the field contributed about 39 kg N ha Ϫ1 to those in 2002. to the soil system. With a C/N ratio of 14, the rind decomposed rapidly. Assuming that the fruit or meat
Nitrogen Fertilization and Grain Yield
part of the unharvested melons contained about 1% N, Nitrogen fertilizer recommendations for irrigated an additional 34 kg N ha Ϫ1 could possibly have been corn yield goals of 13.8 and 15.7 Mg ha Ϫ1 were calculated returned to the soil. When the unharvested melons and using the algorithms described by Bauder and Waskom tops were destroyed by disking in September 1999 September , mi-(2003 for Colorado and those described by Leikam et crobial decomposition of the melon biomass was initial. (2003) for Kansas. Based on Colorado recommendaated. No visual signs of watermelon residue were present tions, N fertilizer requirements of 115 and 146 kg N during soil sampling in the spring of 2000. In addition, further mineralization and release of N from the resiha Ϫ1 were required to obtain yield goals of 13.8 and nomic returns minus N fertilizer cost were optimized at Corn grain yields were increased significantly (␣ ϭ a total available N level of 258 kg N ha Ϫ1 . This available 0.05) with increasing available N levels each year, except N level is only slightly less than the available N level in 2000 (Fig. 1) . The lack of a significant response to N needed to maximize grain yields in Fig. 1 . This supports fertilization in 2000 indicates that a large amount of N the suggestion by Follett (2001) that fertilizing for near was released to the corn crop through previous crop maximum yield generally is an economical practice. residue decomposition and SOM mineralization. Thus, Total grain yield (4-yr total) increased with increasing the Colorado and Kansas fertilizer N recommendations N fertilizer rate (4-yr total) for the N1, N2, N3, N4, N5, were overestimated. This points out the difficulty in and N6 treatments, respectively (Fig. 3) . The 4-yr total making N fertilizer recommendations in this crop prograin yield data show a good response to N fertilizer duction area. The lower grain yields in 2001 compared application. Dividing the total grain yield and N applicawith 2000 were partially caused by insect damage (westtion by 4 to obtain an average annual response (data not ern bean cutworm) to the corn ear during ear developshown) resulted in the following quadratic regression ment and the fact that corn followed corn in the rotation equation: GY ϭ 11.35 ϩ 0.035NR -0.000128NR 2 (r 2 ϭ in 2001 (Maloney et al., 1999; Peterson and Varvel, 0.98) , where GY is average grain yield (Mg ha Ϫ1 ) and 1989). The corn responded very well to the increasing NR is average N fertilizer rate for each of the N treatlevel of available residual soil N (Table 3) ‡  111a §  115a  111a  116a  113a  N2  98a  135a  87b  95ab  104ab  N3  72b  138a  71bc  72bc  88abc  N4  54bc  92a  69c  72bc  72bcd  N5  50c  58a  56cd  64bc  57cd  N6  44c  54a  44d  62c  51d  NUE, % ¶  N1  88a  94a  100a  103a  96a  N2  79a  75ab  78b  86ab  75b  N3  62b  71ab  64bc  68bc  67b  N4  44c  57b  62cd  66bc  62bc  N5  43c  47b  47de  59c  49cd  N6  40c  43b  37e  58c N supply from residue decomposition and SOM mineralization. NO 3 -N in the root zone and soil profile to a depth of 180 cm.
Residual Soil NO 3 -N after Corn Harvest
Nitrogen source did not have a significant effect on
Nitrogen Use Efficiency
residual soil NO 3 -N levels; therefore, the residual soil NO 3 -N data presented in Table 3 are averaged over N Crop NUE, based on grain N removal, decreased with increasing N rate each year (Table 5) . With no N fertilizer sources. Residual soil NO 3 -N levels were approaching more normal levels after harvest of the 2001 corn crop, applied, NUE was Ͼ100% each year when using the quantity of residual soil N in the 0-to 90-cm soil depth. which was not fertilized with additional N. Residual NO 3 -N levels in the 180-cm soil profile on 24 Sept. 2002 Using residual N in the 0-to 180-cm soil depth, NUE was near 100% for the no-N-fertilizer treatment. This remained high at the higher rates of N fertilization. The increase in residual soil NO 3 -N levels in 2002 after indicates that additional N became available to the corn crop during the season from crop residue decomposition harvest over those following the 2001 crop were probably due to the reduced N use by the 2002 corn crop due and N mineralization of SOM. Nitrogen use efficiency was generally Ͼ60% for the N2, N3, and N4 treatments to drought and water stress or potentially less leaching because of less water applied. Soil NO 3 -N levels were in all years except 2000 for the N4 treatment.
Crop NFUE based on total grain N removal in 2000 at their lowest level during the study after the 2003 corn harvest (Table 4) . This was a good indication that corn and 2001 decreased with increasing N rate ( Table 5 ). The NFUE was Ͻ20% for N fertilizer rates above 56 was effective in reducing the quantity of residual soil University would help producers manage their N applications on the third and fourth corn crops. Gross ecoat the highest N rate. Based on total N removal by grain in 4 yr, the NFUE was 55% at the lowest N rate and nomic returns minus N fertilizer costs for the first corn crop were greatly reduced with N rates above 56 kg 30% at the highest N rate, reflecting the low NFUE in 2000. Lowering N fertilization rates and continuous corn N ha Ϫ1 . Nitrogen fertilization increased the level of NO 3 -N production improved NFUE in this study.
Based on N uptake data, an average of 12.5 kg N throughout the 0-to 180-cm soil profile. N fertilizer study with onion and corn by Halvorson et al. (2002) , who found fertilizer man et al. (2003) . Total N removal in the grain increased with increasing N rate when averaged over 4 yr due to N was leached to 180-cm depth the year of application to an onion crop and was still present after harvest of increasing grain yield. An average total N requirement of 19.5 kg N Mg Ϫ1 grain was required to produce the the following corn crop with no additional fertilizer N applied. Ludwick et al. (1976) This study demonstrates that producers in the Arkansas Valley need to assess residual soil NO 3 -N levels required to produce 1 Mg of corn grain. The total N requirement values from this study are in agreement before applying N fertilizer to a crop. They need to also consider crop rotation sequences and apply N credits with total N needs of irrigated corn of 19.6 to 21.4 kg N Mg Ϫ1 grain yield often reported by those making N for previous legumes, fruit, and vegetable crops in the rotation with low C/N ratios (Ͻ25) in the residue when fertilizer recommendations for grain corn (Bauder and Waskom, 2003; Karlen et al., 1998) .
determining N fertilization needs. This will help improve economic returns and NUE and reduce the quantity of Irrigation water N contribution did not appear to be a major contributor to the high levels of NO 3 -N found N reaching the groundwater. in the soil, which is not surprising since the water is surface runoff from the Rocky Mountains. Based on Extension (Bauder and Waskom, 2003) crop following watermelon, which was not reflected in
